Abstract Bardet-Biedl syndrome (BBS) is a rare, primarily autosomal-recessive ciliopathy. The phenotype of this pleiotropic disease includes retinitis pigmentosa, postaxial polydactyly, truncal obesity, learning disabilities, hypogonadism and renal anomalies, among others. To date, mutations in 15 genes (BBS1-BBS14, SDCCAG8) have been described to cause BBS. The broad genetic locus heterogeneity renders mutation screening time-consuming and expensive. We applied a strategy of DNA pooling and subsequent massively parallel resequencing (MPR) to screen individuals affected with BBS from 105 families for mutations in 12 known BBS genes. DNA was pooled in 5 pools of 21 individuals each. All 132 coding exons of BBS1-BBS12 were amplified by conventional PCR. Subsequent MPR was performed on an Illumina Genome Analyzer II TM platform. Following mutation identification, the mutation carrier was assigned by CEL I endonuclease heteroduplex screening and confirmed by Sanger sequencing. In 29 out of 105 individuals (28%), both mutated alleles were identified in 10 different BBS genes. A total of 35 different disease-causing mutations were confirmed, of which 18 mutations were novel. In 12 additional families, a total of 12 different single heterozygous changes of uncertain pathogenicity were found. Thus, DNA pooling combined with MPR offers a valuable strategy for mutation analysis of large patient cohorts, especially in genetically heterogeneous diseases such as BBS. 
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Introduction
Bardet-Biedl syndrome (BBS; OMIM# 209900) is a clinically pleiotropic disorder caused by defects of primary cilia (Zaghloul and Katsanis 2009 ). The cardinal diagnostic criteria are retinitis pigmentosa, postaxial polydactyly, truncal obesity, learning disabilities, abnormalities of the urogenital tract and renal anomalies (Baker and Beales 2009; Bardet 1920; Biedl 1922) . Moreover, a large spectrum of secondary features can occur, which have been updated in a recent review by Baker and Beales (2009) . The prevalence of BBS is low in the general population, ranging from 1:125,000 to 1:160,000 in Europe (Beales et al. 1997; Haim 1992; Klein and Ammann 1969) , and 1:65,000 in Arab populations (Farag and Teebi 1988) . A higher incidence is found in certain isolated populations, such as those in Newfoundland, Kuwait and the Faroe islands (Hjortshoj et al. 2010; Moore et al. 2005; Teebi 1994) .
To date, mutations in 15 genes (BBS1-BBS12, MKS1, CEP290 and SDCCAG8) have been shown to cause BBS under an autosomal recessive mode of inheritance Badano et al. 2003a; Chiang et al. 2004 Chiang et al. , 2006 Katsanis et al. 2000; Leitch et al. 2008; Li et al. 2004; Mykytyn et al. 2001 Mykytyn et al. , 2002 Nishimura et al. 2001 Nishimura et al. , 2005 Otto et al. 2010a; Slavotinek et al. 2000; Stoetzel et al. 2006 Stoetzel et al. , 2007 Young et al. 1999 ). Mutations in known BBS genes are found in about 75% of families, of which BBS1 and BBS10 each account for 20-25% Stoetzel et al. 2006) , BBS12 for about 5% (Stoetzel et al. 2007) , and each of the other 12 genes for less than 5% (Chiang et al. 2006; Katsanis 2004) in Caucasians. Secondsite phenotypic modification, whereby mutations at a second gene modulate the penetrance and/or expressivity of recessive mutations at a primary locus, has been suggested to play a role in certain cases Katsanis et al. 2001; Khanna et al. 2009 ). Two common mutations have been described: p.M390R in BBS1 (Mykytyn et al. 2002) and p.C91fsX95 in BBS10 (Stoetzel et al. 2006) . The BBS proteins can roughly be divided into two groups. BBS1, -2, -4, -5, -7, -8 and -9 form a complex called the BBSome, which cooperates with the GTPase Rab8 to promote ciliogenesis (Nachury et al. 2007) . A second group is formed by the chaperonin-like proteins BBS6, -10 and -12, which represent a vertebrate-specific branch of the type II chaperonin superfamily (Billingsley et al. 2010; Stoetzel et al. 2007 ).
The broad genetic locus heterogeneity in BBS renders mutational analysis expensive and time-consuming. Genome-wide homozygosity mapping greatly reduces the number of genes to be sequenced by defining candidate regions of homozygosity by descent, but can only be applied in consanguineous families Lander and Botstein 1987; Nishimura et al. 2005) . Here, we report the use of a combined approach of DNA pooling and massively parallel resequencing (MPR) (Otto et al. 2010b ) to screen individuals from 105 families from both inbred and outbred backgrounds for mutations in BBS1-BBS12. Mutations were assigned to their mutation carrier using CEL I endonuclease heteroduplex screening and confirmed by direct Sanger sequencing (Otto et al. 2008) . In 29 out of 105 families (28%), two mutated alleles in 10 different BBS genes were identified. In these 29 families, a total of 35 different pathogenic mutations were identified, 18 of which were novel. Two families carried a novel change of uncertain pathogenicity in addition to two mutated alleles. In addition, 12 different single heterozygous mutations, of which 4 have previously been published, were found in 12 out of 105 (11%) families. Thus, DNA pooling combined with MPR offers a valuable strategy for mutation analysis of large patient cohorts of both inbred and outbred backgrounds, especially in heterogeneous diseases such as BBS.
Patients and methods
Patients and DNA pooling DNA samples and clinical information were obtained after receiving informed consent from 132 individuals diagnosed with BBS from 105 different families. The diagnoses were ascertained according to previously established criteria (Baker and Beales 2009 ). This study was approved by the Internal Review Board of the University of Michigan, the Ethics Committee of the UCL Institute of Child Health and The Internal Review Boards of the Johns Hopkins University and Duke University. Previous mutation screening by linkage and homozygosity mapping in a subset of patients could not identify two mutated alleles in a known BBS gene (Harville et al. 2010; Katsanis et al. 2001; Stoetzel et al. 2006) . Evidence for consanguinity was found in 16 families after total genome search for linkage was performed in 28/ 105 families. DNA of 105 families (one affected individual per family) was divided over 5 pools with 21 individuals each. Genomic DNA of 21 individuals was pooled with 2 lg per individual and diluted to 60 ng/ll. In addition, an equimolar DNA pool was generated by pooling 96 DNA samples derived from healthy individuals of Caucasian origin [Human Random Control DNA Panel-1 (HRC-1); European Collection of Cell Cultures, Salisbury, UK].
PCR amplification and massively parallel resequencing DNA pools were used as templates to individually amplify all 132 exons of the genes BBS1-BBS12 by PCR (primer sequences and PCR conditions available upon request). For each pool, PCR products were combined, enzymatically modified and constructed into an Illumina sequencing library as previously described (Otto et al. 2010b) . Each library was sequenced using a single lane on an Illumina Genome Analyzer II TM platform generating between about 9 and 26 million reads of 39 bases each. Reads were aligned to the hg18 genomic sequence of the 132 target exons ±100 bp adjacent intronic sequence (http://genome. ucsc.edu) using CLC Genomics Workbench software TM (CLC-bio, Aarhus, Denmark).
Mutation detection and carrier identification
For patient pools #2-4 and the healthy control pool, variant calls were obtained using the following filter parameters: coverage C3009, variant frequency C0.7%, and a minimum variant count of five reads (including duplicate reads). For patient pool #1 and 5, variant calls were obtained using the following filter parameters: coverage C3009, variant frequency C0.9%, and a minimum variant count of five reads (Supplementary Table 1 ). Variants present in dbSNP130, the ''1,000 Genomes Project'' (180 control individuals, http://www.1000genomes.org/page. php) or in the healthy control pool of 96 individuals (HRC-1) were excluded from further analysis. To prioritize for pathogenic mutations, only variants that were likely to truncate the protein (nonsense, frameshift or obligatory splice site mutations) or missense mutations predicted to be possibly damaging with a PolyPhen score of at least 1.4 were further analyzed. Polymorphism Phenotyping (PolyPhen) is a software tool used to predict the effect of a nonsynonymous SNP on protein structure and function (http:// genetics.bwh.harvard.edu/pph/; Ramensky et al. 2002) . These variants were amplified by PCR for each patient in the respective DNA pool and analyzed by either CEL I endonuclease heteroduplex screening (Otto et al. 2008 ) with subsequent Sanger sequencing or by Sanger sequencing alone to determine the mutation carrier. For all individuals in whom only one mutated allele was discovered, all exons of the respective gene were sequenced by direct Sanger sequencing.
Results
In an ethnically diverse cohort of individuals diagnosed with BBS, we screened for mutations in the genes BBS1-BBS12 using a combined approach of DNA pooling and Table 1 ).
MPR mutation analysis of all PCR products from 21 individuals in a representative pool (pool #3) yielded a total of 51 non-synonymous variants from normal reference sequence (VRS) (Supplementary Table 1 ). Of these, 17 were known SNPs and 5 were present in a cohort of 96 Caucasian healthy control individuals and are thought to be as yet unannotated SNPs or sequencing and/or alignment artifacts. Of the remaining 29 changes, 17 changes were predicted to truncate the protein product or affect obligatory splice sites, or had a PolyPhen score higher than 1.4, and were thus assumed to affect the function of the encoded protein. These changes were followed up by CEL I endonuclease heteroduplex screening and subsequent Sanger sequencing, confirming a total of six different changes (Supplementary Table 1 ). For six cases in which CEL I endonuclease heteroduplex screening did not indicate a mutation carrier, direct Sanger sequencing of all patients in the pool was performed and confirmed one additional change. If initially only one mutated allele was identified in a patient, all exons of the gene involved were sequenced by direct Sanger sequencing in order to find a second mutated allele, which led to the identification of two additional mutations. An analogous approach was applied to the remaining four pools (Supplementary Table 1 ). In all five pools together, 49 different changes out of 143 possibly damaging changes were confirmed (Supplementary Table 1 ), of which 28 were novel findings. Of these, 18 mutations are considered to be pathogenic, while 10 changes are of uncertain pathogenicity. This increases the number of mutations known to be involved in BBS from 276 to 294 (6.5%).
Both mutated alleles were identified in 29 out of 105 families (Table 1 ). The primary genes most frequently involved were BBS10 (9 families) and BBS2 (8 families). The other mutated genes were BBS1 (4 families), BBS4 (1 family), BBS5 (1 family), BBS7 (1 family), BBS8 (2 Table 1 Genotypes and phenotypes of 39 individuals with BBS (29 families) with both mutated alleles detected in one of 12 known BBS genes (BBS1-BBS12) Family [Individual Mutation numbering is based on the cDNA position in reference sequences indicated in Table 1 Family AR371 (A2850) and AR707 (A2864) have previously been published for this heterozygous change in BBS10 (p.C91fsX5) by Stoetzel et al. 2006 families), BBS9 (2 families) and BBS12 (1 family). No primary mutations were identified in BBS3 (ARL6), BBS6 (MKKS) or BBS11 (TRIM32). Of the 37 different mutations identified (Table 1) , 35 mutations were assumed to be pathogenic, whereas two changes were present as third alleles and of unknown pathogenicity. Of the 35 pathogenic mutations, 18 were novel (Fig. 1) . The novel mutations were present in eight different BBS genes (BBS1, -2, -6, -7, -8, -9, -10, and -12). (Table 1) . A number of mutations were present in more than one family. Families AR14 (Northern Europe) and AR634 (Northern Europe) shared the same novel change in BBS7 (p.Q293P). In families AR724 (Northern Europe) and AR850 (Northern Europe), the same heterozygous change in BBS2 (p.Y24X) was present. Likewise, another heterozygous nonsense mutation (p.R275X) in BBS2 was shared between families A1885 (USA) and A2296 (USA). Affected individuals from both families AR122 (Northern Europe) and AR603 (Northern Europe) carried the same compound heterozygous mutations in BBS1 (p.R146X and p.M390R) . The previously described recurrent mutation in BBS1, p.M390R (Mykytyn et al. 2002) was present in the heterozygous state in two additional families, AR61 and AR786. A recurrent mutation in BBS10, p.C91fsX95 (Stoetzel et al. 2006 ) was present in eight families. This change was present in the homozygous state in one family and as a heterozygous change in seven families, in which case the second mutated allele in BBS10 was consistently found. Two affected individuals from family AR61 carried three heterozygous changes in BBS1, two of which have previously been published (p.L75fsX23, p.M390R) Mykytyn et al. 2002) , while one is novel (p.L206V) and of uncertain pathogenicity. In family AR850, a missense change in BBS6 (p.I432F) with a moderate PolyPhen score (1.523) was present in addition to compound heterozygous mutations in BBS2 (p.Y24X, p.L168fsX33) in one affected individual (AR850-04), but not in the second affected sibling (AR850-03) (Table 1) .
In addition to these families in which at least two mutated alleles in one BBS gene were found, 12 different single heterozygous changes of uncertain pathogenicity have been identified in 12 different families (Table 2) . These cover the genes BBS1, -2, -4, -5, -6, -7, -9, -10 and -12, and are all missense mutations, four of which have previously been published. In family A2499, two novel heterozygous missense mutations were present in two different genes: BBS1 (p.P245L) and BBS9 (p.L781Q). The affected individual from family A3227 carried one novel heterozygous missense change in BBS10 (p.R530S) and one in BBS12 (p.V503M).
In all cases where DNA from relatives was available, mutations segregated as expected. All changes stated were absent from 96 Caucasian healthy control individuals and were not present in 180 control individuals from the ''1,000 Genomes Project'' (http://www.1000genomes.org/page.php).
Discussion
Conventional mutation analysis is tedious, and expensive to perform in diseases that exhibit broad genetic locus heterogeneity such as BBS. Most previous large scale mutation analysis studies focused solely on a subset of the known BBS loci (Billingsley et al. 2010; Hjortshoj et al. 2010; Muller et al. 2010) . Here, we present the application of a DNA pooling and massively parallel resequencing strategy that we developed recently (Otto et al. 2010b) to identify mutations in patients with BBS. We estimate the cost of this MPR mutation analysis to be in the range of $50-60 per patient. We discovered the disease-causing mutations in 29 out of 105 families (28%). In total, we identified 49 different mutations, 28 of which are novel. Of these, we consider 18 mutations to be pathogenic, while 10 changes are of uncertain pathogenicity. We thereby increase the number of known causative BBS mutations from 276 to 294 (6.5%).
In this study, we were able to identify both disease causing alleles in 28% of our patient cohort. In contrast, Muller et al. 2010 identified both disease causing alleles in 67% of their patient cohort. This discrepancy is most likely due to the fact that the majority of our cohort has previously been screened for homozygous mutations by linkage and homozygosity mapping (Harville et al. 2010; Katsanis et al. 2001; Stoetzel et al. 2006 ). Furthermore, this may reflect potential differences in the sensitivity or specificity of sequencing technology: our method might miss Mutation numbering is based on the cDNA position in reference sequences indicated in Table 1 mutations, if they are positioned in an area of low coverage (\300 reads) or if they are insertions or deletions larger than 2 bp in length. We did not search for copy-number variants (CNV's) to detect large heterozygous deletions. Mutations such as complete exon deletions, promoter mutations, or intronic exon splice enhancers (ESE) are not detected by our method. In one family (AR850), we found a third mutated allele in addition to the primary BBS locus which could represent a form of oligogenic inheritance (Badano et al. 2003b ). However, this potential modifier allele is a missense mutation of unknown pathogenicity and functional studies are required in order to draw conclusions about its potential modifying effects. In family AR850, the p.I432F allele in BBS6 was only present in one of the two affected siblings who exhibit differences in secondary symptoms (Table 1 ). It has recently been shown that variants predicted in silico to be neutral, can act as modifiers to exacerbate phenotypes across the ciliopathy spectrum (Badano et al. 2003b; Khanna et al. 2009; Zaghloul et al. 2010) . However, we did not investigate the presence of these variants in our patient cohort. Due to the relatively high false positive error rate in next generation sequencing, we prioritized our analysis to detect mutations that are predicted to functionally damage the encoded proteins.
Our samples (pool #1-5) were sequenced successively over a period of 6 months, during which a clear improvement of next-generation sequencing was observed, with an error rate reduction due to higher coverage. The number of false positive variants in the pool sequenced first (pool #1) [29/43 (67%)] was remarkably higher than in the pool sequenced 6 months later (pool #5) [1/12 (8%)] (Supplementary Table 1 ). This considerable decrease in false positive variants in pool #5 allowed us to assign variants to their mutation carrier by direct Sanger sequencing alone, without tedious CEL I endonuclease heteroduplex screening. In addition, the number of variants that we discovered upon sequencing of the whole gene if a first mutation was found in a family (''false negative variants'') decreased over the course of our study, with 3 false-negatives in pool # 1 [3/43 (7%)] and none in pool #5 [0/12 (0%)]. Future application of paired-end technology would reduce the number of false-positive and negative calls even further, which would be of major importance for clinical utility. Other technological improvements to next-generation sequencing such as increasing read length and read number will also substantially cut down on the number of falsepositive and negative variants detected. This will enable comprehensive, robust, rapid and cost effective mutation analysis for many patients across genetically heterogeneous diseases.
